Study on the effect of cuprite content on the electrical and CO2 sensing properties of cuprite-copper ferrite nanopowder composites.
Introduction
Oxide-based nanostructured composites have demonstrated superior performance in a wide variety of applications ranging, for instance, from transparent electronics [1] to gas sensors [2] . Among them, cuprite (copper (II) oxide CuO) is a very interesting metal oxide as it is useful for various applications including lithium-ion batteries, supercapacitors, gas and electrochemical sensors, solar cells, catalysis, photo detectors, super hydrophobic surfaces and field emission display [3] . Spinel ferrites (MFe 2 O 4 ) are metal oxides which have been studied for several decades due to their magnetic and microwave properties. After the advent of nanotechnology, spinel ferrites have resumed their attention and have potential applications in biomedical industry, catalysis and sensors [4, 5] . They have potential bio medical applications ranging from magnetic targeted drug delivery for cancer treatments to treatments like hyperthermia [6] . Ferrites have been widely investigated as gas sensors. Almost all ferrites, MFe 2 O 4 (with M ¼ Cd, Co, Cu, Mg, Ni and Zn) has been observed to have interesting gas sensing properties [7e12]. Among the various ferrites, copper ferrite has been studies for its response towards hydrogen, ethanol and Liquefied Petroleum Gas (LPG) [7, 13] . Spinel ferrites have also been used in combination with graphene oxide for sensing acetone [14] .
Carbon dioxide, one of the constituents in air has many adverse effects on human health and atmosphere (due to its greenhouse gas behavior). Carbon dioxide, on the other hand, is useful to trace fire accidents and/or human presence and activities. Thus the detection of CO 2 is interesting in health, environmental and technological sectors. However, despite of its huge interests, CO 2 detection by Metal Oxide Semiconductor (MOS) sensors technology is challenging because of the low reactivity of CO 2 . The surface interaction affecting the band structure and charge carrier concentration of the material appears to be insufficient to invoke significant sensing response. The lack of suitable active materials for CO 2 detection is the biggest challenge that current MOS sensors are facing. Various materials (monoxides, mixed oxides, halogenides, …) with different fabrication methods have been investigated to produce semiconductor CO 2 gas sensors, but generally with poor performance due to low response and/or high cross-sensitivity [15e17]. The use of perovskite/copper monoxide composites for sensing carbon monoxide have been already reported [18] with more promising results and was further studied by various research groups [19e21] for such application. The sensing of CO 2 using alternative thin film composite made of spinel copper ferrite/copper monoxide was also proposed by our group [22] . It was observed that the composites can lead to particles with different type of charge carriers (p and n) in close proximity and hence could be interesting for sensing [23] . For the BaTiO 3 -based composites, Ishihara et al. [18] have already demonstrated that the CO 2 sensing characteristics strongly depend on the kind of oxides mixed with BaTiO 3 , but the effect of the concentration of metal oxide in the spinel ferrite/metal oxide composites on the gas sensing properties has not been studied yet. It would then be interesting to perform a systematic study on the effect of copper oxide content in the CO 2 sensing performance of copper ferrite/copper oxide composite.
Ferrites nanoparticles have been used in pellet, rod, thin and thick film forms for their sensor application [8, 24, 25] . Thin film processing is difficult to carry out for testing various compositions. Despite of its shaping process simplicity, compaction of nanopowders in pellet form has the disadvantage of the reduction in available active surface in the characterization of sensing properties.
In this paper, we report a novel method for elaborating and using directly nanopowders in the form of a device. We report here a study on the influence of cuprite content on the structural, microstructural, electrical and CO 2 sensing properties of the entire series of composite CuO/CuFe 2 O 4 prepared by co-precipitation method.
Experimental details

Synthesis of the CuO/CuFe 2 O 4 composite materials
Stoichiometric amounts of metal chlorides (copper chloride and ferrous chloride) in the 0.33 Cu/(Cu þ Fe) 1 ratio were dissolved in a mixture of water (60% vol ) and ethylene glycol (40% vol ) to form a 2 M solution, using a magnetic stirrer at 20 C. About 1% of hydrochloric acid (HCl) was added to the metallic salts to prevent oxidation of ferrous ion (Sol1). Simultaneously, oxalic acid with a 7 wt% excess with respect to the metal ions was dissolved in ethanol (0.5 M) using mechanical stirrer at a speed of 300 rpm (Sol2). Sol1 was quickly added (rate of 60 ml/min) to Sol2 using a peristaltic pump and was stirred mechanically for 1 h. The resulting suspension was centrifuged with a speed of 3500 rpm for 10min. This was followed by three consecutive washing with de-ionized water under mechanical stirring for 30 min and centrifugation with 3500 rpm for 10min. This was continued until the chlorides have been removed. A final washing was performed following the same protocol with ethanol. Then the precursor was dried in oven at 80 C for 8 h. The nature of the oxalate precursor (mixed oxalate or mixture of oxalates) was determined by powder X-Ray Diffraction (XRD) analysis using a D4-Endeavor Bruker diffractometer equipped with a copper anode and a LynxEye 2D detector. Temperature X-ray diffraction measurements were carried out in an Antonn Paar HTK1200 N oven chamber with a D8-Advanced Bruker diffractometer equipped with identical anode and detector.
The oxalate was then decomposed in air by heating to 250 C with a heating rate of 50 C/hour for Cu/Fe oxalates and with a heating rate of 10 C/hour for copper oxalate. These heating rates were required to prevent the formation of a-Fe 2 O 3 for Cu/Fe oxalates, and to prevent the formation of Cu 2 O along with CuO for pure copper oxalate. To finish the reaction, the decomposed products were calcined at 760 C for 4 h except for pure copper ferrite which was calcined at 780 C for 4 h. The nature of the phase of the powder was checked using XRD. The Cu/Fe ratio of the samples were found using Bruker S2-Ranger X-Ray Fluorescence (XRF) spectrometer equipped with helium atmosphere sample chamber.
The cationic ratio was further confirmed using a JEOL JSM-6400 Scanning Electron Microscope (SEM), associated with an Oxford Instruments X-Max Si-Li detector for qualitative (Cu and Fe elements) and semi-quantitative (Cu/Fe ratio) Energy Dispersive Spectroscopy (EDS) analysis. The quantification of crystalline phases was performed by Rietveld refinement implemented in the Fullprof program. The microstructure analysis was performed using a BET single point Micromeritics Automate 23 surface area analyzer and a JEOL JSM-6400 SEM.
Device fabrication for gas sensing measurements
The device for gas sensing was fabricated on alumina substrate of 15 mm Â 15 mm dimension. The electrode for the device was porous silver coated on the substrate. This was done by coating silver oxalate mixed in ethylene glycol on the substrate and decomposing the oxalate to metallic silver according to the procedure used for soldering with oxalate-based materials [26] . After coating, the substrate was then kept in vacuum for 24 h and was subsequently heated to 800 C to obtain silver without crack. A heating rate of 50 C/hour was used up to 150 C and then the heating rate was increased to 150 C/hour. Once 800 C was reached the sample was allowed to cool normally in the furnace.
The sensing material (the metal oxide) was grind using a mortar and pestle and mixed in ethylene glycol. This paste was then coated on the substrate with electrode. This was again kept in vacuum for 24 h and was then heated to 780 C for 1 h with a heating rate of 150 C/hour and was allowed to cool normally in the furnace. The temperature of 780 C was chosen so that the second thermal treatment on the powder does not have any impact on its microstructure. Fig. 1 gives the schematic and the SEM micrograph of the device.
The electrical properties of the sample were studied on this device by varying the temperature using a two probes method and a Keithley 2000 multimeter. The response of the samples to the change in the gaseous environment (air, argon and carbon dioxide) was recorded using a specialized cell from Linkam Scientific instruments (UK). Dry air (0% humidity), Ar and CO 2 (5000 ppm, balance dry air) were the gases used. Dry air and Ar/CO 2 was alternately passed into the cell with a flow rate of 100 sccm. The insitu variation in resistance with the change in gaseous environment was measured using a Keithley 2400 source meter and was recorded in PC using data acquisition with National Instrument interface (USA) and Labview software. The response of the devices to CO 2 was calculated as S (%) ¼ DR Rair , where R air is the resistance in air and DR ¼ R gas ÀR air is the change in resistance in the presence of test gas at a given temperature. The accuracy of the measurement was estimated by taking the standard deviation over multiple cycles on few representative samples.
Results and discussions
Structural characterization
XRD was performed on all the synthesized oxalates. From the XRD patterns, it was seen that the oxalate formed were mixed oxalates (Cu x Fe 3-x ) 1 (1a)). Based on the refined lattice parameters, the copper ferrite spinel phase is assumed to be stoichiometric with a cationic ratio; Cu/ Fe ¼ 0.5. The amount of cuprite (y) is then expressed as
which corresponds to the molar percentage of copper ions in cuprite compared to the total Cu ion content in the oxalate (Equation (1b)).
The content of copper oxide phase in each sample (y) was estimated using Rietveld refinement performed on all the samples. This value was further confirmed using EDS and XRF wherein the relative copper atomic percent (x/3) was measured and converted to y value as expressed earlier. Table 1 gives the y values obtained using these three techniques. The average of these values was taken as the CuO content in these samples. All the samples were named based on the copper oxide content. Thus pure copper ferrite was termed as y000, pure copper oxide as y100, sample with 39% copper oxide was termed as y039 and so on. Fig. 2 shows the XRD patterns of all the samples measured at room temperature. From Fig. 2 and Rietveld refinement, it could be seen that the sample y000 corresponds to tetragonal copper ferrite (space group I 4 1 /a m d with a (3) ). As we move from y000 to y100, the characteristic peaks of CuO start appearing as for instance near 39 and 49 corresponding to (200) & (111) and (À202) planes respectively. At the same time, the characteristic Bragg's peaks of the tetragonal copper ferrite tends to decrease and completely vanishes for y100. The scale factors of both phases could be determined by Rietveld refinement and this allows us to determine the exact proportion of cuprite in the whole sample in the entire series from y000 to y100 [27] . These values are reported in Table 1 , as the percentage of CuO phase (y). The structural refinement also confirms that the increase in copper content affects only the proportion of the CuO phases and does not change the stoichiometry of the spinel phase because the lattice parameters of both phases remain unchanged in the whole series.
Microstructural characterization
The specific surface area of the samples measured using single point BET surface area method is also shown in Table 1 . From Table 1 , it could be seen that the specific surface area of all the samples is in the same range and shows almost a continuous decrease when increasing CuO content. The average particle size d assuming a spherical shape (form factor ¼ 6) and calculated from the specific surface following Equation (2) is also given in Table 1 .
In this equation, S w represents the BET surface area in m 2 g À1 and r the volumic mass in g.cm À3 . The average particle size d shows almost a continuous increase from around 0.4 mm for pure CuFe 2 O 4 to around 1.4 mm for CuO particles. Fig. 3 gives the SEM micrographs of copper ferrite, copper oxide and two intermediate samples. From Fig. 3a , it could be seen that for copper ferrite (y000), the individual crystallites of around 0.2e0.5 mm in diameter are combined to form elongated particles and exhibit a spongy nature on pristine material. The micrograph of y000 powder on device proves that the microstructure of the sample remains the same. From the micrograph of composites, y052 (Fig. 3b ) and y082 (Fig. 3c) , we could see that there exist particles with two different geometry. There are elongated particles as seen in case of y000 (copper ferrite) and there are bigger spherical particles of around 1e2 mm in diameter. From these figures, it could be seen that the size of the spherical particles are higher than that of elongated particles. From the SEM image of y100 (CuO) shown in Fig. 3d , we see that there exist only one type of particle which are spherical in structure. This shows that the spherical particles seen in the composites are copper oxide particles. This was further confirmed by doing EDS analysis on the two different types of particles that existed in the composite samples. EDS results showed that the circular particles belong to copper oxide and the elongated to that of copper ferrite. Thus in composites, there exists particles with two distinct geometry and chemical composition corresponding to the two phases present in good accordance with XRD results. The overall increase in the particle size as it has been highlighted by the BET measurements (Table 1) could be attributed to the increase in the proportion of cuprite, which has bigger particles in comparison with copper ferrite. It could also be seen that the device formation does not change significantly the morphology or porosity inherent in the powder samples. Fig. 4a shows the Arrhenius plot obtained for all the samples in the temperature range 150e450 C, the heating and cooling cycle of samples with pure phases y000 and y100 is given in Fig. 4b along with the change in lattice parameter of y000 with temperature. From Fig. 4a , it could be seen that for all samples, resistance decreases continuously with the increase in temperature. This confirms the semiconducting nature of all the samples. It could also be seen that the resistance of the samples y000 -y082 are in the same range. However, the resistance of y100 is much lower (z100 times) than all other samples. All samples exhibit a linear behavior in the temperature range 150 to z370 C. In case of pure cuprite, the linearity of the curve is maintained up to 450 C. However, between z370 and 450 C, the samples containing copper ferrite exhibit a nonlinear behavior. The nonlinearity at the higher temperature is only visible during heating (hysteresis loop visible on Fig. 4b for the pure CuFe 2 O 4 sample) and could be either due to the approach of the Curie temperature (as is seen in the case of all ferrites) or due to the structural change in copper ferrite. The Curie temperature of bulk copper ferrite is 455 C [28] . The change of copper ferrite from tetragonal to cubic structure occurs in the temperature range 350e450 C (Fig. 4b ) in good agreement with temperatures reported in the literature [29] . The migration of Cu 2þ ions from octahedral to tetrahedral site has also been reported to occur above a temperature of 350 C [30] and can be the origin of this phenomena. Above the temperature range of 370e420 C, the linearity of the curve returns. It could be seen that the slope of the curve before and after the transition is different. This shows that there exist two regions with different activation energy, before and after the transition, which have already been reported for copper ferrite [31] . In our case, the activation energy remains in the same range before the transition, between 0.48 and 0.53 eV, for samples y000 to y082. However, after transition, the activation energy increased and was in the range 1.62e1.70 eV for samples y000 to y069. The increase in activation energy for sample y082 was lower than other composite samples and was 1.17 eV. It could also be seen that the activation energy of the sample y100 is 0.13 eV and is much smaller than that of other samples and slightly constant on all the temperature range.
Electrical characterization
The change in resistance and activation energy of pure copper oxide (y100) versus other composite samples could be explained as due to the difference in resistivity of the two phases (copper oxide is two order of magnitude less resistive than copper ferrite) and the limitation of the percolation pathway which takes into consideration the volume proportion of each phase in the system (geometric transition). For a simplified 2D model of percolation, considering connected squares which are usable in our device, the percolation threshold estimated by Monte Carlo method is at z 60% in proportion of the conductive phase (CuO in our case) at the surface. One can note that this percolation threshold can also be increased by taking into consideration, the large porosity and large difference of grain sizes in between the two phases. Due to the difference of the density and molar mass between both materials (6.51 g cm À3 and 79.545 g mol À1 for CuO and 5.42 g cm À3 and 139.232 g mol À1 for CuFe 2 O 4 respectively), this percolation threshold corresponds to more than 85% in molar ratio of CuO. This limit is not achieved in our CuO/CuFe 2 O 4 composite samples and corroborates the fact that for these composite samples, the electrical properties are driven by the electrical properties of CuFe 2 O 4 .
Type of charge carriers
In order to understand the type of charge carriers in copper ferrite, copper oxide and composites, the change in resistance of the sample with change in atmosphere was recorded. The change in resistance in argon atmosphere was compared with that in air. Fig. 5a gives the relative resistance at 350 C of samples by the alternate insertion of air and argon in the interval of 1 h.
From Fig. 5a , for all the samples except pure copper oxide, i.e. for samples y000 e y082, it could be seen that the resistance increases with time in air atmosphere. On the contrary, with the insertion of Ar, the resistance of these samples decreases. For pure copper oxide (y100), the variations in air and argon atmospheres evolve in the opposite direction. All these variations are reproducible for many air/Ar cycles.
With the insertion of air, the resistance of samples y000 to y082 increases. This behavior is typical for n-type conductors. This is because the oxygen in air gets adsorbed on the surface as ions and accepts electron from the conduction band. This mechanism is schematically represented in Fig. 5b . The reduction of the number of electrons in the conduction band leads to the formation of depletion layer and thus the resistance of the sample increases. In case of pure copper oxide (y100), the resistance is found to decrease with the insertion of air. This shows that it is a petype semiconductor. With the insertion of Ar, the electrons trapped by oxygen ions are released to conduction band and hence the resistance decreases for samples with electrons as the main charge carriers. For samples with holes as the main charge carriers (p-type), the release of trapped electrons, leads to reduction in the number of holes and hence an increase in the resistance.
As a result, from Fig. 5a , we see that pure copper ferrite has ntype charge carriers, while copper oxide has p type carriers. All the composites also show the presence of n type carriers even with the increase in the concentration of copper oxide which confirms that all compositions between y000 and y089 remains under the percolation threshold as already mentioned.
CO 2 sensing
All the nanoporous powder samples were tested for the response towards CO 2 with the corresponding fabricated device. The best operating temperature of the samples were studied by measuring the response at various temperatures from 200 to 400 C. As a representative example, the typical variation of the resistance obtained for the sample y016 at different operating temperature is shown in Fig. 6a . The response (S ¼ DR/R air ) was calculated by subtracting the base line corresponding to air from each curve. The response obtained at various operating temperature is shown in Fig. 6b .
From Fig. 6a , it is evident that the resistance of the sample decreases with increase in the operating temperature. It is also clear that the resistance of the sample always increases with the insertion of CO 2 . From Fig. 6b , it could be seen that the response of the sample towards CO 2 increases with the operating temperature, reaches a maximum at 350 C and then decreases with the further increase in operating temperature. Thus the best response was obtained at a temperature of 350 C. The shape of the curve in Fig. 6b resembles that of a bell shaped curve and is typical for such semiconducting gas sensing layers [32] . The temperature range in which the maximum sensing response will take place is dependent on adsorption-desorption mechanism of oxygen chemical species (O 2 À , O À , O 2À ), water molecules and target gas to be detected. As an example, the maximum sensing response of SnO 2 lies in the temperature range 280e450 C [33] . In our case, the maximum response of all samples was obtained at 350 C and is reported as a function of the CuO content in Fig. 7 .
From Fig. 7 , it could be seen that the maximum response (S z 10%) is obtained by pure copper ferrite sample (y000). The response of all the composite materials remains almost constant (within the error limit) and is independent of the proportion of cuprite phase except for sample y082 which has 82% cuprite phase. At this higher concentration of cuprite phase, there is a drastic decrease in the response. The response becomes negative for the pure cuprite sample.
It is remarkable to note from Fig. 7 , that most of the samples exhibit a measurable response towards CO 2 . These results show that copper ferrite can be sensitive to CO 2 without p-type counterpart. This is not common especially in powder samples. The decrease in the response for sample rich in cuprite content is in good agreement with the observations from Fig. 5a on the type of charge carrier. This in turn explains the presence of a negative response for the p-type semiconductor, cuprite. These results registered in air at 350 C, confirm the oxidizing nature of CO 2 gas.
Our results indicate that CuO may not be playing a crucial role in CO 2 sensing in the synthesized powder composites CuO-CuFe 2 O 4 . However, the low response of CuO may be due to the large size of CuO grains (1e2 mm) in comparison with those of copper ferrite (0.2e0.5 mm). This difference in the microstructure could affect the formation of p-n junction, which would otherwise enhance the sensing response towards CO 2 [18, 20] . The larger grains of CuO would also exhibit lower sensing response in comparison with copper ferrite due to the reduced surface area. This latter point could be improved by reducing the processing temperature of the powder materials as the CuO has a lower size when treated at 300 C, and shows a tremendous increase in size with further increase in temperature. However, it could be limited by the sintering process needed for the electrical measurements. Ongoing work concerns performance improvement by the physical mixing of the two components with similar morphology and by sintering the composite materials and devices at lower temperatures (500e600 C).
Conclusion
Cuprite/copper ferrite oxide composites with controlled amount of CuO were synthesized using co-precipitation with oxalate precursors route. Thermal treatments at 780 C under air were carried out for the phase purity. A novel simple and efficient technique was developed to fabricate ad-hoc devices for performing electrical and gas sensing performance of powder samples. The microstructure of the powder remained intact in the device. This made it possible to characterize the electrical properties (resistivity, activation energy, type of charge carrier) and CO 2 sensing behavior of the powder materials. This work reports for the first time the CO 2 response values of the whole CuO/CuFe 2 O 4 composite material series. For the obtained microstructure, it shows that the amount of copper oxide does not contribute to improve the CO 2 sensing properties of the CuFe 2 O 4 alone.
